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Th*  interaction  of  atomic  hydrogen  with  halogen- terminated  SI ( 100)  surfaces 
was  studied  by  Auger  electron  spectroscopy  (AES)  and  temperature  programmed 
desorption  (TPD)  mass  spectroscopy.  Efficient  removal  of  surface  halogen  has 
been  observed  when  the  halogen-terminated  SI (100)  surface  was  exposed  to  atomic 
hydrogen  at  a  substrate  temperature,  Ts  630  k.  The  reaction  rate  constants  for 
halogen  extraction  on  the  St(100)  surface  follow  the  trend  ki  >  kBr  >  kci-  ‘n 
addition,  the  halogen  extraction  kinetics  are  found  to  be  first  order  in  both 
the  surface  coverage  of  halogen  and  in  the  atomic  hydrogen  flux.  Studies  of  the 
temperature  dependence  of  the  halogen  extraction  rate  show  the  activation 
energies  for  the  extraction  of  Cl  and  8r  are  2.1  t  0.2  and  1.6  t  0.2  kcal  mol  » 
respectively.  The  extremely  low  activation  energy  for  the  reaction  demonstrates 
that  the  H-extractlon  process  follows  an  Eley-Rideal  reaction  mechanism  where 
the  surface  reaction  is  mainly  driven  by  the  high  internal  energy  of  incident 
atomic  hydrogen  Instead  of  thermal  excitation  from  the  SI ( 100}  solid  surface. 
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ATOMIC  HYDROGEN  DRIVEN  HALOGEN  EXTRACTION  FROM  SI (100)  — 
ELEY-RIDEAL  SURFACE  KINETICS 


C.C.  Cheng,  S.R.  Lucas,  H.  Gutleben,  W.J.  Choyke*, 
and  J.T.  Yates,  Jr. 

Surface  Science  Center 
Department  of  Chemistry 
University  of  Pittsburgh 
Pittsburgh,  PA  15260 

Abstract 

The  interaction  of  atomic  hydrogen  with  halogen-terminated  Si (100)  surfaces 
was  studied  by  Auger  electron  spectroscopy  (AES)  and  temperature  programmed 
desorption  (TPD)  mass  spectroscopy.  Efficient  removal  of  surface  halogen  has 
been  observed  when  the  halogen- terminated  SI (100)  surface  was  exposed  to  atomic 
hydrogen  at  a  substrate  temperature,  Ti  630  K.  The  reaction  rate  constants  for 
halogen  extraction  on  the  SI (100)  surface  follow  the  trend  ki  >  kgr  >  kci -  In 
addition,  the  halogen  extraction  kinetics  are  found  to  be  first  order  In  both 
the  surface  coverage  of  halogen  and  In  the  atomic  hydrogen  flux.  Studies  of  the 
temperature  dependence  of  the  halogen  extraction  rate  show  the  activation 
energies  for  the  extraction  of  Cl  and  Br  are  2.1  ±  0.2  and  1.6  ±  0.2  kcal  mol*1, 
respectively.  The  extremely  low  activation  energy  for  the  reaction  demonstrates 
that  the  H-extraction  process  follows  an  Eley-Rldeal  reaction  mechanism  where 
the  surface  reaction  Is  mainly  driven  by  the  high  Internal  energy  of  Incident 
atomic  hydrogen  Instead  of  thermal  excitation  from  the  SI (100)  solid  surface. 


^Department  of  Physics,  University  of  Pittsburgh,  Pittsburgh,  PA  15260 


-2- 


I.  INTRODUCTION 


Surface  chemical  processes  on  silicon  surfaces  often  occur  as  a  result  of 
the  thermally  activated  decomposition  and/or  desorption  of  adsorbates.  An 
alternate  method  to  induce  surface  chemistry  is  to  use  an  active  gas  phase 
species  containing  either  excess  kinetic  or  internal  energy,  producing  surface 
reactions  which  occur  via  pathways  not  accessible  by  thermally  accommodated 
adsorbates.  Atomic  hydrogen  is  a  promising  reactant  for  this  type  of  surface 
chemical  reaction  due  to  Its  excess  potential  energy  (52  kcal  me1.-1  compared  to 
1/2  H2(g) ) •  Recently,  the  abstraction  of  adsorbates  Induced  by  Incoming  H  atoms 
from  the  gas  phase  has  been  reported  on  both  metal  and  semiconductor 
surfaces. 1“6  These  observations  suggest  that  a  new  class  of  surface  chemical 
reaction  may  be  initiated  using  the  high  Internal  energy  of  hydrogen  atoms. 

This  paper  Is  concerned  with  the  abstraction  of  halogen  adsorbate  atoms  using 
atomic  hydrogen. 

Surface  chemistry  Involving  both  hydrogen  and  halogen  species  on  Si  has 
been  addressed  In  connection  with  the  epitaxial  growth  of  silicon  via  chemical 
vapor  deposition  (CVD)  using,  for  example,  halosllanes  and  hydrogen: 

SiX4  +  2  H2  — >  SI  +  4  HX.7'^  j^e  individual  Interactions  of  H  and  halogen 
molecules  with  the  Si (100)  surface  have  been  studied  using  various  surface 
science  techniques.9-16  Surface  reactions  of  these  adsorbates  with  Si 
substrates  are  likely  to  produce  volatile  silicon-containing  species  at  elevated 
temperatures  due  to  the  formation  of  strong  covalent  bonds  with  silicon.  In  CVD 
processes,  the  reactions  of  atoms  or  radical  species  with  surfaces  must  also  be 
considered.  The  present  work  Is  thus  directed  toward  the  study  of  surface 
reactions  using  gas  phase  hydrogen  atoms  as  one  of  the  reactants.  In  this  paper 
it  will  be  demonstrated  that  the  abstraction  of  halogen  adsorbates 
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from  the  SI (100)  surface  can  be  efficiently  Induced  by  Incident  atomic  hydrogen 
from  the  gas  phase.  Halogen  abstraction  by  atomic  H  occurs  essentially  without 
thermal  accommodation  of  the  atomic  H  on  the  surface.  Since  thermal  activation 
from  the  solid  surface  Is  of  minor  Importance  for  the  removal  of  halogen  by 
atomic  H,  the  H-Induced  extraction  reaction  may  also  provide  new  approaches  for 
the  production  of  epitaxial  thin  films  at  low  substrate  temperatures. 

In  this  study,  the  measurement  of  halogen  extraction  has  been  made  by  Auger 
electron  spectroscopy  (AES)  and  temperature  programmed  desorption  (TPD)  mass 
spectroscopy.  The  results  Indicate  that  removal  of  surface  halogen  Is  quite 
effective  at  low  SI (100)  substrate  temperatures,  where  temperatures  as  low  as 
300  K  have  been  employed.  The  reaction  rate  constants  of  atomic  H-Induced 
halogen  extraction  on  the  SI (100)  surface  follow  the  trend  kj  >  kgr  >  kci .  In 
addition,  the  reaction  kinetics  are  first  order  In  both  the  surface  coverage  of 
halogen  and  In  the  atomic  hydrogen  flux.  Studies  of  the  temperature  dependence 
of  the  reaction  rate  for  Br  and  Cl  show  the  activation  energy  for  the  extraction 
process  Is  1.6  ±  0.2  and  2.1  ±  0.2  kcal  mol*1  respectively.  The  extremely  low 
activation  energy  for  the  reaction  demonstrates  that  the  H-extractlon  process 
follows  an  Eley-Rldeal  (ER)  reaction  mechanism1-5*17,  where  the  surface  reaction 
Is  mainly  driven  by  the  high  Internal  energy  of  atomic  hydrogen  Instead  of  by 
the  thermal  excitation  from  the  SI (100)  solid  surface. 

II.  EXPERIMENTAL 

The  ultrahlgh  vacuum  system  (with  a  base  pressure  of  lxlO-10  Torr)  and 
SI (100)  crystal  preparation  have  been  described  previously;10*18*19  selected 
aspects  will  be  summarized  here.  The  system  is  equipped  with  Auger  electron 
spectroscopy  (AES),  an  argon  Ion  sputtering  gun,  a  collimated  and  calibrated 
mlcrocaplllary  array  doser,18  and  a  multiplexed  quadrupole  mass  spectrometer 
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(QMS)  with  capabilities  for  both  random  flux  and  llne-of-sight  detection. 20 
Heating  of  the  SI (100)  crystal  (15x15x1.5  mm;  p-type;  B-doped;  10  fi-cm)  Is 
provided  by  a  Honeywell  programmable  temperature  controller  used  to  drive  a 
feedback  circuit  to  control  the  power  to  the  crystal. 21 

For  the  adsorption  of  molecular  species,  a  calibrated  multicapillary  doser 
was  used  to  deliver  the  gas  molecules  onto  the  SI (100)  surface  giving  carefully 
controlled  absolute  adsorbate  exposures. 18  For  dosing  of  H  atoms  onto  the 
prepared  surface,  a  tungsten-spiral  filament  (wire  diameter  «  0.25  mm;  spiral 
radius  ■  1  cm,  T  «  1800  K)  with  llne-of-sight  exposure  to  the  crystal  surface 
was  used  to  produce  atomic  hydrogen  during  H2  exposure.  The  characteristics  of 
molecular  hydrogen  dissociation  by  a  hot  tungsten  filament  have  been  examined 
previously. 22, 23  jhe  atomization  of  molecular  hydrogen  on  a  hot  tungsten 
filament  (T  »  1800  K)  Is  linearly  dependent  on  the  H2  pressure  at  P (H2)  <  lxlO-6 
Torr.22.23  However,  due  to  the  uncertainties  In  determining  the  absolute  flux 
of  atomic  hydrogen,  the  exposures  of  atomic  hydrogen  are  given  by  the  H2 
exposures  In  Langmuir  (L)  [1  L  »  10~6  Toms],  uncorrected  for  Ion  gauge 
sensitivity. 

Surface  cleanliness  and  the  relative  surface  coverages  of  the  adsorbed 
halogens  were  measured  by  AES.  All  the  AES  data  reported  here  were  obtained  by 
averaging  at  four  or  more  positions  on  the  prepared  surface.  However,  an 
electron  stimulated  desorption  (ESD)  effect  was  observable  during  AES 
measurements  (electron  beam  energy  *  3  kV;  crystal  current  =  3.0  pA)  for  all  the 
halogen  adsorbates  studied  In  this  work.  Since  the  ESD  cross  sections  for  all 
three  halogen  adsorbates  are  independent  of  coverages  (as  measured  by 
ourselves),  all  AES  measurements  were  made  using  a  standardized  time  schedule 
Instead  of  extrapolating  the  AES  signal  to  that  at  Auger  measurement  time  zero. 
This  procedure  permits  accurate  measurements  of  the  relative  rates  of  halogen 
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abstraction  by  atomic  hydrogen. 

TPD  measurements  were  made  with  a  shielded,  differentially-pumped 
quadrupole  mass  spectrometer  (QMS).  Data  acquisition  with  the  multiplexed  QMS 
has  been  described  previously.10  The  QMS  was  equipped  with  a  small  conical, 
axially-oriented  aperture  (diameter  =  5  mm),  for  efficient  collection  of 
desorbing  species  from  the  center  of  the  crystal.  During  line-of-sight 
desorption  measurements,  the  crystal  was  accurately  and  reproduclbly  placed  2  mm 
away  from  the  aperture.  In  addition,  the  aperture  was  negatively  biased 
(-100  V)  to  prevent  spurious  electrons  from  escaping  from  the  mass  spectrometer 
(electron  energy  «  70  eV)  which  could  possibly  cause  electron-stimulated  effects 
on  the  prepared  surface. 

The  Cl-  and  Br-terminated  Si (100)  surfaces  were  prepared  by  chemisorption 
of  molecular  chlorine  and  bromine  onto  the  SI (100)  surface  at  T  s  300  K,  while 
the  I-terminated  surface  was  prepared  by  chemisorption  of  methyl  iodide  at  room 
temperature.  The  research  grade  bromine  (99.95  %)  and  methyl  Iodide  (99+  %) 
were  further  purified  by  numerous  freeze-pump-thaw  cycles,  and  the  chlorine 
(99.999  %)  and  hydrogen  (99.9995  %)  were  used  directly.  No  contamination  of  the 
gases  was  observed  with  mass  spectrometry. 

III.  RESULTS  AND  DISCUSSION 

Dissociative  adsorption  of  halogen  molecules  or  halogen-containing  species 
on  the  Si ( 100) - (2x1 )  surface,  followed  by  the  evolution  of  silicon  halide 
species  via  thermal  excitation,  has  been  studied^, 13, 16  ancj  reinvestigated  by 
our  group.10*11  At  halogen  coverages  s  1  ML,  thermal  desorption  of  halogens 
and/or  silicon  halides  are  only  observable  at  T  s  700  K.  However,  at  halogen 
coverages  higher  than  1  ML,  evolution  of  silicon  halides  can  be  detected  at 
desorption  temperatures  lower  than  700  K.  To  avoid  the  chemical  complexity 
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possibly  introduced  at  halogen  coverages  >  1  ML,  all  the  following  experiments 
were  performed  at  coverages  s  1  ML,  and  dosing  of  atomic  H  onto  the  prepared 
surfaces  was  carried  out  at  SI (100)  substrate  temperatures  s  630  K.  Thorough 
studies  have  been  done  on  all  three  halogen  adsorbates,  but  mainly  the  results 

with  bromine  will  be  shown  here  for  the  purpose  of  clarity. 

Data  for  the  extraction  of  adsorbed  halogen  species  on  Si (100)  by  atomic 
hydrogen  at  300  K  are  shown  In  Fig.  1.  The  experiments  were  performed  by  using 
the  same  H  flux  (the  same  H2  pressure  and  W  filament  temperature  during  dosing), 
so  the  relative  extraction  reaction  rate  constant,  k,  for  different  halogen 
adsorbates  can  be  obtained.  The  AES  spectra  were  taken  after  each  H  exposure. 
The  characteristic  AES  signals  used  for  data  analysis  are  Cl(LMM)  at  181  eV, 
Br(MNN)  at  55  eV,  and  I(MNN)  at  511  eV.  The  intensities  of  all  AES  signals  are 

normalized  to  the  intensity  at  zero  reaction  time,  and  therefore,  each  data 

point  represents  the  relative  surface  coverage  at  reaction  time  t. 

Two  Important  features  may  be  seen  In  Fig.  1.  First,  the  exponential 
behavior  of  halogen  removal,  as  shown  by  the  fitted  solid  lines  in  Fig.  1, 
Indicates  that  the  extraction  process  is  first  order  in  the  surface  coverage  of 
halogen,  0,  based  on  simple  chemical  reaction  kinetics, 

R  =  -  gf  •  k  (FH)"  0  ,  (1) 

or 

0t  =  80  exp[  -  k  (FH)n  t]  ,  (2) 

where  R  is  the  reaction  rate,  0  is  the  fractional  coverage  of  halogen  species  on 
the  surface,  k  is  the  rate  constant  for  the  extraction  reaction,  F^  is  the  flux 
of  the  hydrogen  atoms  impinging  onto  the  surface,  and  n  is  the  order  of 
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dependence  of  reaction  rate  on  Fh,  which  will  be  shown  to  be  unity  later  in  this 
paper.  As  shown  from  Eq.  (2),  a  constant  Fh  yields  an  exponential  decay  of 
halogen  coverage  with  respect  to  reaction  time  for  first  order  reaction  kinetics 
in  the  surface  halogen  coverage.  A  second  observation  from  Fig.  1  is  that  the 
rate  of  halogen  extraction  on  the  Si (100)  surface  follows  the  trend  kj  >  kgp  > 
kci ,  and  analysis  of  the  data  based  on  the  first  order  reaction  kinetics  (Eqs.  1 
and  2)  gives  the  relative  reaction  rates  at  300  K  for  the  three  adsorbates:  kj  = 
5.0  kgr  «  12.4  kci -  A  similar  trend  has  also  been  observed  from  the  gas  phase 
studies  for  the  reaction  of  atomic  H  with  methyl  halides.24*25 

The  dependence  of  extraction  rate  on  the  atomic  hydrogen  flux,  Fh,  was 
studied  by  observing  the  changes  in  reaction  rate  while  varying  the  H2  pressure, 
P (H2) ,  during  H  dosing  at  constant  substrate  temperature.  Fig.  2  shows  the 
effect  of  H2  pressure  on  the  bromine  extraction  rate  at  a  constant  SI (100) 
substrate  temperature  of  430  ±  10  K.  The  results  are  shown  in  a  semi  logarithmic 
plot  of  the  fractional  coverage  of  the  adsorbate  versus  reaction  time.  With  a 
constant  Fh,  the  semi  logarithmic  plot  gives  a  straight  line  with  a  slope  which 
is  proportional  to  the  negative  of  the  rate  constant  k,  and  the  proportionality 
depends  on  the  reaction  order,  n,  of  the  atomic  hydrogen  flux,  Fh.  The  straight 
line  fits  at  each  different  H2  pressure  are  a  result  of  fitting  using  the  least 
squares  method.  As  seen  in  Fig.  2,  the  extraction  rate  linearly  Increases  with 
Increasing  H2  pressure  and  hence  with  Fh.^2*2^  Therefore,  as  shown  in  the 
inset  of  Fig.  2,  the  linear  dependence  of  extraction  rate  on  P (H2)  gives  direct 
evidence  for  the  first  order  dependence  of  the  extraction  rate  on  the  flux  of 
atomic  hydrogen.  The  same  results  were  also  obtained  for  the  Cl-  and 
I-terminated  Si (100)  surfaces.  The  H-induced  halogen  extraction  reaction  is 
thus  first  order  In  both  the  surface  coverage  of  the  halogen  adsorbate  and  the 
flux  of  atomic  hydrogen. 
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The  effect  of  crystal  temperature  on  the  halogen  extraction  rate  was  also 
studied.  The  data  shown  In  Fig.  3  are  presented  as  a  semi  logarithmic  plot  of  the 
fractional  coverage  of  bromine  versus  reaction  time,  and  the  negative  of  the 
slope  of  each  plot  obtained  at  different  temperature  Is  proportional  to  the 
corresponding  reaction  rate  constant,  k.  The  temperature  dependence  of  the 
bromine  extraction  rate  can  therefore  be  determined  from  the  slopes  obtained  at 
different  substrate  temperatures.  The  small  Increase  in  the  extraction  rate 
with  a  large  Increase  In  Si (100)  substrate  temperature  indicates  that  a  low 
activation  energy  is  Involved  in  the  extraction  process. 

The  activation  energy  via  the  thermal  excitation  of  the  solid  surface  has 
been  estimated  from  the  temperature  dependence  of  the  rate  constant,  k,  assuming 
the  atomic-H  driven  halogen  extraction  reaction  rate  follows  Arrhenius  kinetics. 
Analysis  of  the  Arrhenius  plot  (as  shown  in  the  inset  of  Fig.  3)  gives  Eact  = 

1.6  ±  0.2  kcal  mol-1  for  the  H-Induced  extraction  of  bromine  from  the  51(100) 
surface.  Similar  studies  with  chlorine  gave  Eact  *  2.1  ±  0.2  kcal  mol-1.  The 
temperature  dependence  of  the  iodine  extraction  rate  was  not  studied  here  due  to 
the  unknown  chemical  effect  from  the  co-adsorbed  CHX  species  left  on  the  surface 
after  the  adsorption  of  CH3I.  The  observed  low  activation  energies  for  the 
extraction  process  (1.6  -  2.1  kcal  mol-1)  indicate  that  the  thermal  excitation 
of  the  Si (100)  surface  is  of  minor  importance  in  determining  the  halogen 
extraction  rate. 

Removal  of  the  halogen  adsorbate  from  the  Si (100)  surface  could  occur 
according  to  two  different  surface  reaction  mechanisms  involving  attack  by 
atomic  H. 

Mechanism  (1):  Halogen  extraction  by  formation  and  desorption  of  hydrogen 
halides. 
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Mechanism  (2):  Etching  of  the  halogen-terminated  Si (100)  surface  via  the 
formation  of  halogen-substituted  silane  compounds. 

Although  we  are  not  able  to  directly  Identify  the  H-Induced  reaction  products  in 
this  apparatus  during  exposure  to  atomic  H,  Mechanism  (1)  is  favored  for  the 
following  reasons: 

(1)  Etching  of  the  Si (100)  surface  by  atomic  hydrogen  Is  known  to  be  more 
efficient  at  low  temperatures  (maximum  rate  observed  in  the 
temperature  range  of  320  -  360  k)26-28  ancj  hydrogen 
coverages. 9.26-29  This  is  due  to  the  need  to  achieve  high  hydrogen 
coverages  to  cause  the  breaking  of  the  Si-Si  bonds  and  the  formation 
of  higher  surface  hydrides,  SIH2  and  Si H3.  However,  studies  of  the 
temperature  dependence  of  the  halogen  extraction  rate  (see  Fig.  3) 
show  an  opposite  dependence  on  temperature.  Therefore,  a  different 
reaction  mechanism  from  the  silicon  etching  process  has  to  be 
responsible  for  the  H-lnduced  extraction  of  halogen. 

(2)  The  first  order  reaction  kinetics  In  both  the  surface  coverage  of 
halogen  and  the  atomic  hydrogen  flux  Indicates  that  the  stoichiometry 
of  the  reaction  Intermediate  In  the  rate  determining  step  must  have  a 
1:1  ratio  of  hydrogen  to  halogen.  On  the  other  hand,  for  the  removal 
of  halogen  via  the  formation  of  a  halosilane  (SiH3X),  more  complicated 
chemical  kinetics  may  be  expected. 

The  slight  effect  of  thermal  excitation  of  the  Si (100)  surface  on  the 
removal  rate  of  halogen  by  atomic  hydrogen  means  that  the  driving  force  for 
halogen  extraction  must  reside  In  the  high  Internal  energy  of  atomic  hydrogen. 

As  a  matter  of  fact,  Mechanism  (1)  is  the  so  called  Eley-Rideal  (ER)  mechanism, 
where  one  of  the  reactants  enters  the  transition  state  directly  from  the  gas 
phase  without  equilibrating  at  the  surface  prior  to  reaction.  The  ER  reaction 
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mechanism  has  been  known  for  atomic  H  induced  surface  reactions  on  metal 
substrates, 3-5,17  an(j  was  a]So  proposed  recently  for  H  atom  induced  desorption 
of  H2  from  the  monohydride  phase  of  SI ( 100) . 1 »2  a  recent  study5  of  the 
extraction  of  Cl  adsorbed  on  the  Au (111)  surface  by  atomic  hydrogen,  using 
resonance  enhanced  multiphoton  ionization  (REMPI)  laser  spectroscopy  and 
molecular  beam  scattering  techniques,  detected  the  production  of  HC1  in  its 
first  vibrational  excited  level  (v  «  1)  and  this  product  Is  evolved  with  an 
Eact  ■  1«6  kcal  mol*1.  The  low  activation  energy  resembles  our  results  for  the 
H  atom  extraction  of  halogens  from  SI (100). 

Further  support  for  the  ER  reaction  mechanism  comes  from  Investigations 
using  TPD  mass  spectroscopy.  These  studies  help  differentiate  various 
desorption  products  as  a  result  of  different  surface  reactions,  generally  under 
equilibrium  conditions.  Fig.  4  shows  series  of  TPD  spectra  taken  after  the 
Br- terminated  SI (100)  was  exposed  to  different  atomic  hydrogen  exposures  at  a 
substrate  temperature  of  430  K.  Fig.  4(a)  shows  the  results  of  the  thermal 
desorption  for  Br/Si ( 100)  without  exposing  the  prepared  surface  to  the  atomic 
hydrogen.  The  only  detectable  desorption  products  are  SiBrx  and/or  Br.11  With 
a  medium  H  exposure  on  the  same  prepared  Br/SI ( 100)  surface,  the  corresponding 
TPD  spectra  (Fig.  4(b))  show  the  desorption  of  HBr,50  in  addition  to  the 
desorption  of  02~H2>  Bi-H2»^»  Si Brx  and/or  Br.  Notice  that  the  temperature 
programmed  desorption  of  HBr  Is  only  observable  In  the  temperature  range  of  the 
B I-H2  desorption  from  the  monohydride  phase  of  Si (100),  above  720  K.  With  a 
high  atomic  H  exposure,  the  prepared  Si (100)  surface  then  becomes  almost  free  of 
bromine  as  a  result  of  the  extraction  process  (see  Fig.  3),  and  the 
corresponding  TPD  spectra  (Fig.  4(c))  show  mainly  the  02"  and  B1-H2  desorption. 

Thermal  desorption  of  HBr  occurring  In  the  same  temperature  range  of  the 
monohydride  0 1-H2  desorption  provides  Important  information  relevant  to  the 
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H-Induced  extraction  reaction.  First  of  all,  no  desorption  of  HBr  under  thermal 
equilibrium  conditions  Is  observed  In  the  temperature  range  from  300  -  720  K. 
Similar  results  have  also  been  observed  for  other  halogen  adsorbates.10*11  This 
Indicates  that  this  efficient  removal  of  halogen  adsorbates  by  atomic  hydrogen 
at  I  <  720  K  can  not  be  explained  as  a  result  of  thermal  desorption  of  the 
hydrogen  halide  under  equl librium  conditions.  In  the  other  words,  during  the 
extraction  process,  the  Incoming  hydrogen  atom  is  not  thermally  accommodated  on 
the  surface  before  reacting  with  the  surface  halogen  adsorbate  and  the 
extraction  reaction  therefore  occurs  at  low  temperatures  where  the  process 
H(a)  +  X(a)  -»  HX (g)  does  not  occur.  Secondly,  the  temperature  range  of  HBr 
thermal  desorption  Is  nearly  coincident  with  that  of  &1-H2  desorption  from  the 
monohydride  phase  suggesting  that  excitation  of  the  monohydride  S1-H  bond  Is 
required  for  the  desorption  of  HBr  In  this  second  surface  reaction  channel. 

IV.  CONCLUSIONS 

A  surface  reaction  driven  by  collisions  with  gas  phase  atomic  hydrogen  has 
been  demonstrated  on  the  halogen-terminated  SI (100)  surfaces.  The  extraction  of 
adsorbed  halogens  on  the  Si (100)  surface  by  atomic  hydrogen  has  been  shown  to 
proceed  via  an  Eley-Rideal  reaction  mechanism.  The  extraction  kinetics  are 
found  to  be  first  order  in  both  the  surface  coverage  of  halogen  and  In  the 
atomic  hydrogen  flux.  In  addition,  the  reaction  rate  constants  follow  the  trend 
ki  >  <Br  >  kci*  The  extremely  low  activation  energy  (1.6  -  2.1  kcal  mol”1)  for 
the  extraction  process  Indicates  that  the  thermal  excitation  of  the  Si (100) 
solid  surface  Is  of  minor  importance  In  controlling  the  halogen  extraction 
kinetics. 
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Figure  Captions 


Figure  1 


Figure  2 


Figure  3 


Figure  4 


Depletion  of  three  different  halogen  adsorbates  on  the  Si (100) 
surface  by  atomic  hydrogen  at  300  K.  The  H2  pressure  was  kept 
constant  (lxlO-7  Torr)  throughout  the  experiments.  The  solid  lines 
are  calculated  based  on  the  first  order  rate  law  discussed  in  the 
text. 

The  dependence  of  bromine  extraction  rate  on  the  atomic  hydrogen  flux, 
Fh,  which  is  expressed  In  terms  of  H2  pressure  P (H2) -  The  main  figure 
is  a  semi  logarithmic  plot  of  the  fractional  coverage  of  Br  versus 
reaction  time  with  T  *  *30  K  and  at  three  different  P (H2) -  The  inset 
shows  the  linear  relationship  between  the  Br  extraction  rate  and  H2 
pressure. 

The  dependence  of  bromine  extraction  rate  on  the  Si (100)  substrate 
temperature.  The  main  figure  Is  a  semi  logarithmic  plot  of  the 
fractional  coverage  of  Br  versus  reaction  time  with  P(H2)  =  lxlO-7 
Torr  and  three  different  substrate  temperatures.  The  inset  is  the 
Arrhenius  plot  for  the  extraction  reaction  which  gives  an  Eact  =  1.6 
±  0.2  kcal  mol-1. 

Series  of  TPO  spectra  taken  after  the  Br-terminated  Si (100)  was 
exposed  to  different  atomic  hydrogen  exposures  at  a  substrate 
temperature  of  430  K.  The  spectra  were  taken  with  a  heating  rate  of 
4  K  s’1. 
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ATOMIC  HYDROGEN  EXTRACTION  OF  HALOGEN  ADSORBATES  ON  Si(IOO) 
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